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Al)stract

‘J’be simultaneous measuremmlts of tclnl)craturc,  ammo] Cxtillctioll, and of the radiativcly

active .gascs by several irlstrulnents  ollboard  tllc lJpp(r  AiTnosphcrc RCSU17C)I  Sofe//Zte ]]crIIlit  an

asscmIncnt4  of the uncertainties ia tlIe  diag]]oscd  stratospheric Iicatiug  rates al]cl ill tllc rmultil]g

rcsiclua] circulation. la this ]Iapcr, mcasurmncrlts  takml by tl]e Cryogctlic  l,i]nh Array IIltaloll

S~)cctro{r~cter  (CI, AIX) arc used to coIII~Jute  the circulation a]lcl to col[lpare it agai~lst  values

obtai]]ccl prcvious]y  fro~n tbc ]neasure]llcllts  ol,taitlcd  by tbc Micro}vave  l,itl]l, SouTlder  (kll,S).

‘J’l~mc is a broad agrecmcrlt  betwccll  tlIc two sets of calculatio~ls  aIIcl lirlow]j  biases ill citllcr

tlIc CI,AIIX or MIS mcasure]]lmts  are fouricl to be rcsl)onsible for the areas of disagreemc]lt.

‘J’IIc  illclusioIl  of aerosols has ilnl)rovd the cstilnates  of t}lc residual circulatio]l  i)] tl]c ]owcr

st, rat,os~)bcrc  during t,lIe  1992-1993 ~wriod covered by C, I, AII;S, but a large u]lc.crtainty  in t,]Icsc

esti]t]atcs  is causccl  by the unccrtai~ltics  in tllc assulllrd  refract, ivc illdiccs  for sull~buric  acid

I

Solut,  iol]s.
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3 Introciuction

Mcasurmc]lts acquired

(’1JAI{,9) have facilitated tllc

t)~ thC illStlWlnClltS  C)llbOald  t]l(’ Ul)l)(’?”  Ai7uOSI)hC,7{  hS((lK/t  S((fC/litt

estilnatioll  of tllc residual circulation at good vertical rcxolutio]]  ovw

several seaso]lal  cycles. Ill a l)revious publication (1’;lus7,kicwicz  et al. 1996, hereafter referred

to as l’apcr  1) we have diaguosed the ci~culation  fol tbc !%ptelnber  1991 - August 1 !394  period

using fields of tcm~)erat,um and of radiative]y  active gases mcasulcc] maijlly by the “Microwave

l,i~llb SouIIder  (MIS) oI1board  tJAII’,5’. III tlIe  Iniddlc  and u])per stratos])llcre,  \ve idclitificd s e v e r a l

intermtillg  pheno]nena,  inc]uding the se]niauuua] aIId quasi -bicmI(ial  osci]latiolis i]i the ‘J’ro])ics, tile

i]ltc>rlle]llis})lleric  a symmetryin  tlleclow’~lwad  velocities bcItwccII  thc]lortllern  a]ld southern  wi]ltcrs,

a]ld the rclatic)l]  of these  velociticx  to tllc w’ave forci]lg cliagllc)secl  as the residual  ill tile Il]oIllelltuIll

cc]uatic)ll.  W7e also at,telllptcci  to ]Jrovidc q u a n t i t a t i v e  cstilllates  of tile circu]atio?l  ill tile lol~er

to 22 h}’a in the Version 3 c]ata we  used)  ancl I)y the kr)ow)l  bjascs ill t](e Oz,olle

])articular,  tllc low bias at 46 Ill)a ill tllc ‘J’rol)ics  a[icl large systcll~atic  errc,~s  at

stratosphere, but were ha]]l~)mxl  by the vertical ran F)e of M1,S tel[l])crature  ll~c~asllltl]l~el~ts  (which

only extellcl  clew II

lneasumne]lts  (ill

100 hl)a).  III aclditio]], while tile radiative ef[’ects  of Mt. l’illatubo  aerosc)ls  were asscwsc’cl fc)r a feiv

sc’lmtcd  profilc~s  llsi~ig llleas(lrellle]  ltst:lkcllll~y  thelln})rovcd  Stratos~)lleric  and hlmc)s~)lleric  Sou IId Cr

(lSAMS)ol\board  /lAl{,S,  tl\csce  fl"ects\  vereIloti  Tlcl~]cledi lltl~ez  ol~al-l]leaTlf  ielclso f(lialjatic}  ~eatillg,

tlluslcaclil)g  to large  uncertainties in tile circulation diagnosed for the 1991-1992~)t~licJcl.

llltllis  ])a~)er,  tllelesic]~la]  circulatic~ll  wil l  l)ecliagllosed ~lsillg  clataol~taillccl  l)yal~c)t]lcr  /l Al{,$’

jllstrull]c]lt,  tllc Cryogcvlic  limb A r r a y  l’ltaloll  Spectrc)lnctcr (C I, AIIIS).  ‘J’lle iliput fields are cle-

scribccl  i]] sect ion 2.  III scctio~ls  3 a]lcl 4, tile cliagllcmecl  heating  rates a]Id tllc resiclua]  circulatiolt

are clc’scrib  ccl ancl c.oml)arc:cl  with tllc results froln l’a~)er 1. 111 sectioll  5, wc cliscuss  the ~frects Of

including tile aerosols in tlIe heating calculatio]ls. A  su]nInaryof  tlle]c:s[iltsisgivcli  i]] sectio]l 6.
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2 Input Data

‘1’lIC zoIlally averaged  fields  o f  klll])eratul”e, telnperaturc  te]ldc]lcyj  ozoIle  (froln blocker 9),

lncthallcl  IIitrous oxide, and aerosol extinction uswl ill the heating calculatimls  have becw obtained

fro]n the CI,AII;S Version 7 Lcwel 3A 1, files  available on Collkpact  1 )isc Read -on]y McIilory from

the NASA Goddard l)istributcd  Access Amhivc Ce]Iter (it was found ill l’aper  1 that the use of

lmvel  3A], files,  as opposed to mapped ]Jroclucts, leads to small errors

diabatic  }Ieatilg).  ‘J’llc averaging periocls considered are listed i]] ‘J1ablc

the corresponding periods in ‘J’alJe  2 of ]’apcr 1, because the periods in

be as C1OSC  to the yaw days as possible (to c]isurc  a llcar-si~llllltalleity  of the resultilig  quasi-global

fields) and because the door of the CI,AIIJS ilistrulnellt  ~vas closed foy a couple of days ])ric)r to and

after each yaw maneuver. ~’hc CI,AIIIS fields are auglncnted  l)y tile NII,S distribution of water va~)or

(si]icc CI,A11H3  Vemio~\  7 water  vapor data ale l,ot mcolin,ricl,dcd  for scie,itific  usc by the i,,strun,c],t

tcanl) a]ld by the I,IMS daytime distr ibut ion of  NOZ extcllded to a full se.asolial  cycle on the

assulnption  of hemispheric sylnlnet]y  for tllc mpcctive scasoll. ~l)c tro])ospllcric C02  ]nixi]lg ratio

is coln})utcd by n~ealls  c}f the ex})rcssio~ls  givc]i by liecli~lg  at al. (1 989) and a stratos])llcric  C02

collce~ltrai,ioll  of 346 pj)Inv on Ja~luary  1, 1993 is assulned. ‘J’llc treatlllc~lt of tro~)osl)lleric  clouds,

surface al bedo, and solar fluxes at the top of the atmosphere is described in 1’aJ~er 1.

‘J’he ])rimary aerosol product used in this pa]mr arc the zollal-rncall  dist:ibutio]ls  of extinction

at T80 CIIt - ‘ . ‘J’IIc cllc)icc of this wavmlunlbm ammlg several others at which  CI,A1;S  lncasuws

a e r o s o l  cxtillctioll was ~notivatcd  by the results dmcribed  ill Mcrgerltha]cr  et al. (I 995), q’o -

gcther  with the fields of tel[lpcrature  and water  va])or,  tliese lncasurenicnts  allow us to infer the

wavclc~~~gtll- clc])e]iclcllt  extinction and scatteril~g  cocflicielits  and the asylnn~ctry  parall~eter  at llille

[JARS vmtic.al kmls equally spaced ill log-} )ressure between 100 ancl 4 hl’a,  usi~lg the me thod

described by Grai]lger  et al. (1 995, 1996). in scctioll  5 we will I)rese]lt results dcscribi]lg the very
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good agrecvncmt  iII the aerosol optical de])ths  and the resulting heating rates  betwcc~t  Cl, AIIIS and

ISAMS (for the evaluation of the CIAl OS and ISAMS aerosol ]rl[>asllrc’]llcllts,  m Massie et al. 1996

and ljambert d al. 1996,  respcdivcly).  A ]najor  uncertainty  in assmsing  the aerosol heating eff’ects

is caused by the u]lcmtai]ltics  in the mfractivc  i~ldices  for II ZS04 (Graillger  et al. 1 995).

3 Heating Rates .

‘J’hc c.olnpmhensivc  radiative transfer Inoclcl  used ill the heating calculations has IMX7n  bcw

clcscribcd  in a series of previous put~licatiolis  (Crisp 1986, 1989, 1 !390; Santce 1 993; Salltec and

Cris]) 1 993;  Gerstell 1 995; Gcrste]l et al. 1 995; l’al)cr 1). It includes all radiative I)roccsses  kliow]~

t o  lJC’ ill~portant  ill tlIc atmos])hc>re,  i.e., absor])tioll, clnissioIl,  and lllultil)lc’  scat ter ing by gases,

clouds, and aerosols, allcl is well suited for studying the dif[icult  loww stratosphere rcgiol). ‘1’hc

heating calculations arc pcrfomcd o]) a grid with 61 vertical  levels equally spaced ill log-]  )ressure

twtwcc’11  the ground allcl 0.01 hl’a. ‘J’his  rmolutio]l is twice that of tile CI,AI;S retrievals. ‘J’he

Cl, Ali;S data arc lillear]y interpolated  in log-pressure to provide values at the filler grid rmolutio[[.

‘J’hcI  lnericlio)lal  s~)acillg  in the calcu]atio~ls  is 5°.

‘J’hc hcati]lg  rates (with aerosols  excludccl) for two solstice Itlontl}s  are show]~ in IJigure 1,

togetl~cr witl~ the corrcspolldi]lg  fields diaglloscd  frolt~ hOl,S d a t a , ‘J’here is all overall agreclllellt

l~ctwccm)  tllc two sets of calculations, at least for pressures less than I () 111’a. llt ])articular,  botlI

the C1, AIIX- and Ml,  S-bascxl IIcatillg rates haw mgiolls  of strong  cooling ill the willtcr  ]tclnisp}lcre

(wit], vcly  silllilar  n,ag,litudm),  weak cooli],g  i], tllc summer  lic,]nis~,l,erc , and IIeating ili tlIc ‘J’ropics.

‘J’here  is about 1 K

bctwcml 1 and 2 h

d a y- ] Itlore heating ill tllc CIAIIX fields above 1 111’a, 1 1< day- * ICSS heatilig

‘a, and ().5 day--’ Iuorc IIcatillg  hctwcen 2 and 3 h} ’a. ‘J’liesc  difl’crcnces  arc

rwlatml  to the systematic diffcrcllccs  between the C1,AIIX and M1,S 03 fields (CuIIY\old et al. 1996).

l]] a(lditioll,  tllc systell)atic  l o w  bias ill Cl, AII;S tmuperaturcs  l)et\vccll  2 and 3 Ill)a (Gillc ct a l .

5



1996) leads to less 11{ cooling md thus enhaucecl net heating in this pressure  range.

],argcr  diff’mwlces  bctlveen the CI,AIIX- and Ml, S-based  heating fields occur in the 10WCI  strato-

spllcm. Note in part icular  the region of net coolil]g  at 46 hl)a in the ‘J’ropics  in the MIS field

ill Jauuary  and i ts  abscvlc.e  in the C1, AIIX c.alculatio]l. It was  Iloted  bridly  in l’a~~er 1 that  the

net trol)ical  heating rates diagnosed from MIS data clecreasc  above 100 hl)a,  occasionally reaching

negative values at 46 hl)a before starti]lg  tc) increase at higher altitudes (see l’igum 3 and 12 in,

l’a]mr 1). Similar behavior was notcxl  by other rmwarches  (K. l{ose]ilof as quoted by IIrock cl, al.

1 995) slid it has conscqucmc.cs  for the modeling of tracers (S. Wofsy,  personal comlnunication  1 99.5).

We Imlievc’  that the clip between 100 and 46 hl’a  was Inaillly the mult of the. tro])ical 03 values

mcasuml by M1/S king systematically too low at 46 hl’a (Iloidcvaux  et al. 1996), as it is not

l)rescnt when the 03 values lncasurecl  hy CI,AIIX are used ill the heating calculatiolts,  even when

aerosols arc either present at low abulldanc.cs  or ignored. ‘Jb illustrate this, the equatorial ozone

and IIcating  profiles for Ja]luary  1992 are ShOWII ill l’i.  gure 2. Note ill particular tllc ulldcrestilt~ate

in the MI, S 03 mixillg  ratio at 46 hl}a and the correspoliding  features ill tile prcfilm of solar and

llet IIeating.  ‘J’hc inclusion of aerosols (wllicll  arc discussed in ]nore detail i~l section 5) illcrca:cs

tile lleatill~ rates, but  dots not eliloiliat~  tile 4G-h})a mi]limum  ill tllc Ml)S-derived ])rofilc  of )ict

hcati]lg.  l’igurc 2 also sug,gests  that until the 4G-111’a  ])rol~lc]ll  is reIl]oved  ill future vcrsiolls  of MI,S

07}011c retrieval  algorithm, at~ approximate lncthod  of cli]ninatillg its cf~cct  on the trol)ic.al  hcatitig

profiles would be to igllorc the 4&hl’a level allcl illterl)olatc  the heating  rates bctwml 100 and 22

h])a (where the MIS- and Cl, AIX-dcrivwl  profiles are in close agrcemmlt).  \17e also ]Iotc in l’igure

2 tlic scmsitivity  of the 11{ cooli]lg  rates to tile assured tmnpcraturc  })rofilc,  with tem})craturc  clif-

fere]lccs  011 the order c)f 1 K causi]lg  diflcrcnces  ill tllc diag]loscd  hcati{lg rates of al)clut  0.1 K day -]

(a si]nilar scmsitivity  was liotcd ~)reviously  l)y Olagucr et al, 199’2).  ‘J’his  is further illustrated ill

F’igurc 3a, which shows the diflkrcnces  bctwecm tllc CI,AIIX and MI,S ozone a]lcl temperature fields
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and betwcm the diagnosed heating Iates (without aerosols). ~’he te]npcrature  cf[ect  is larger  than

the ozo~lc  efl’cct,  but peaks at a somewhat  lower altitude (56 hl’a,  Inidway between the 46 and 68

hl’a CI,AIX retrieval levels), thus Ieavillg  MIS OZOI)C as the prilnary  cause of tllc heating  ]ninimum

at 46 h])a. IN addition, CI,A1{;S  ozone lnay bc systmtlatically  high in tllc lowYv stratosphere (l\ailey

ct al. 1996), thus leading to more solar IIeatillg. IIowcver, the differellces  betwml the hll,  S and

CI,AIIX flclds shown in l’igurc 3a may be difl’crcllt  at otlIer timm; in particular tllerc  is Cvidcllcc

that the low bias in the MIS ozone at 46 hl)a dimillishm with time (1’roidcvaux  et al. 1 996), tvith

the corresponding dmcasc in the bias in the solar }Ieatillg  (SCW l’igure 31)). As for tcmpcraturc,  it

is interesting that diflerenccs on the order  of a fcw K betwwm the CI,AIIX and NatioIlal  Meteoro-

logical Ccvlter (Nh4C) temperatures (used ill tlIe h41,S Version 3 files for p > 46 hl’a)  exist  CVC]I

bctwccn  100 and 10 hl’a where

et al. 1996).

4 Residual Circulation

he CI,AII;S telnperatures arc constrained to tile NMC values  (Gillc

I’igurcs 4-7 and 11’igure  9 show tlIe

strca]nfullctioll  X*, tllc meridional and

global distributions of tlIe zoIIal  ivilld  1/, tile Inass-weiglltcd

vertical coI]I])olLc]Its of tllc residual circulation (1)-, i)-), and

the ]nomcntum  residual, rcspectivc]y. l’igurc 8 illustrates the variability of the input  fields and of

the circulation at the equator. ‘J’he met]lod of calculating these fields and tile format of the figures

arc identical to tllosc in l’aper  1, t]lus allowing a direct coln])ariso]i. ‘I)hc residual circulation is

co]tl])utcd  frolu the heating fields using a strealnfullctioll  a])proac]l  (Salltm  allcl Crisl) 199.5), Ivit}l tllc

lower aIId u})])cr  boundary  conditions (at 100 a]ld 0.1 hl’a,  rcs})cctitrcly)  i]ltroducecl  sc’lf-cc)l~sistc]  ltljr

wit]l tlIe diag]losccl  IIeati]lg rates. ‘1’hc  rcquim]lent  c)f global Iilass  l)alal}ce  at eac.]1 ])ressurc level is

satisfid  by solving tllc strcanlfuctioli  cquatioll to w’itliill  all additive }lcigllt-clcj)cllclc~llt  IIulnber.
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4.1 TL

‘J’hc distributions of zollal  wind arc qualitatively silllilar  to those presented

l’a])er 1. WiIitertime  westerlies arc weak ill January 1992 and l’kbruary  1993as  a

I I  l’igure 6 o f

OIlscquence  of

stratospheric warmings  (note  tile patch of easterlies at high rlorthcnl  latitudes ahovc 1 111’a  ill

January 1992). ~’he final war] Ili]]g(tl~c  traIlsitioIl tosuIl]]t~erti] l]eeasterlics)  occ~]rsiI~  March-April

and ill October-hTovellll~er in the northml  and southcrll hemisphcrcl  rcs~)cctively.  ‘J’lle symmmtilne
I

castcrlics  arc very stroIIg ill the subtropical stratopause regio]l. III the tropics, there arc SOIIIe

cliff’crellcm  bdwcc]l  the distributions pIeseIIted  IIcre a]ld those SIIOWII  iIl l)aper  1. II) ])articular,  the

semiannual oscillation (SAO) easterlies are stronp;~r  ill March-l]  ay 1992 (for example, im excess of

50111 s- 1 around  2 hl’a  in March compard to less than 20 m s-] i]~ })aper 1). Also, the quasi-biennial

osc.illatioll  (Q IIO) westerlies at the end of 1992 aud the bcgiIllliIlg  of 1993 arc lIlucl I stroIlgcr  tllall

ill l’a])rr  1. ‘J’hcw strollgcr  winds will I}(’ showlI lIIorc clearly  ill l’igurc 8 I)elow.

4 . 2  X* and V*

‘1’hc  summer  branch  of the l\rcwcl-lJokolI  circulation is muclI more vigorous than in }’apcr

1. ]N particular, the regions of positive X“ ill the sc)utllt’rn  hmnispllere in January  -1’’cbruary 1992

and in January 1993 have bwi greatly reduced or nave disappeared completclyi  Reflccti]lg more

rea~istic ozone mixing values used in the heating calculatio]ls, the circulation is smoother  around  46

hl’a ill the ‘] ’ro~)ics (note in ])articular  the almIIc. c of the sharp  wedge-like pattmi  in tile nortllcrn

sul~trc)]jics  i]] March 1992). As ill l)a])cr  1, the soutllcvrl  bra]ich  of the circulatio]l intrudes  into the

]Iorthcm  llen]isl)}lerc  around tllc strato])ause  ill Marc]l of both years.

AJrlong the similarities in the distributions of V* shown hew and those l)rcset~tecl  in l’aper  1 c)f

])artic.ular note are the strong  polmvarcl  wrillds  ill the winter heI]lisphere  ill the strato])ausc  region,

I[lcridiona]  winds of less tharl 0.5 m s- ] throug]lout  ]nost c~f tllc ]nidcllc a]ld lower stratos])here,
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and regions of cquatorward flow around 46 hl)a in the sulnlllcr (south  crII) hemisphcm  in the two

Ja]luarics;  in January and February 1992 them am also regions of sumlncrtimc  equatc)rward  flow

around 10 hl’a.  ‘1’he difrcrel~c.es  illcludc the much weaker poleward flows ill tllr southerJl hcmispllew

10WCT mcsosphcre  ill Octol)cr-NovcInlmr  1992, the ahsmce  of a double-peakecl structure ill the region

of strong  polcwa~d winds  in the IIorthcvn  }Icmis])hcre  ill J anuary  1992 (with these willds hcil[g

strollgcr  t]lall  in }’a,]jm 1), and a ge]lerally  smootlIcr  structure ill tltc u~)lJer  stratosp]lcre  a]ld loI;Jer

I)lcsospherc.

4.3 ill+

‘J’llc willtc~timc dowllwelling  at high latitudes is stro]tg during disturbed ~)criods  (coln])arc

for cxaln])le  Janua~y  1 9 9 2  w i t h  Ja)luary  1993), rcacllillg  magnitudes  jll exccxs of 12 111111  s- ] in

January 1992. 11] tllc  IIIescmphere, the lllaxilnulll  downward velocities ill the southml  hclnis])hcrc ill

August 1992 are larger  than their  llortlterl]  cou]lterparis  ill tlie two l’el)ruaries. ITI the stratosl)}lc’rc,

wintertime dmwlward velocities are larger in the ]lortll, with the exceptim  of the January  1993

~)criocl  (W}ICII velocities arc colnparab]~ to tllosc  at high sout}lerll  latitudes in July 1992).  lli the

lc)wcr  stratosl)llerc, velocities arc slnallcr than  1 ?nlrl s– 1 during t i l e  southern  w’illtcr  ]992, bul,

excw!d 2 111111  s- ‘ in hig]l  JIortllcrll  latitudes during  tllc disturlml  periods of Ja]luary  1992 al~d

l’cbruary  1993. l)uril~g  Ju ly  a~ld August  1 9 9 2 ,  tllc willtertilnc  desce]lt  Tnaxi]nims away froll~  t,lle

l)oIc ill LIIC IOWN portio]ls  of the stratos])l]crc  (]]otc ill ~Jarticular  tlIC -2111111 S - ] cc~]ltc)lll).

l)owllwclling ill IIigll

llclrlis~)hcrc.  Collsistcllt

warl[lillg ill the soutlicrh

the southcrll  latitudes ill

(i so, Sc])tc]l~l,cr  1992 with March 1992 ill tile ul)pcr stratos])hc:rc  and lower IIIcx+osplIeIc).  ‘J’hcsc“1’

latitudes occurs during cquilloctia]  lnollt]ls,  hut is strollgcr  ill the s~)rillg

kvitll tllc ])crsist,c]lcc  of a well-orga]l izcd polar  vc~rtex al~d a later  filial

llcl]]ispllcre,  the sl]rillgtilllc  dowllwclling  is stronger  i!~ the south  (co]llparc

October-Novcml~er 1992 with the northeru  latitudes ilk A])ril-March  1992;
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results arc in line with the findings  of PaIKV I

IT) the summertime, high-latitude downward velocities in the stratosphere arc always smaller

th’wl 0.5 llTTll  s- 1 and am sor[lewl~at  stro]~gcr  in the southcrll  hel]lis~)llcre.  A s  irl l’a,])er ], U]JW.ZIM]

velocities in the sulnmcrtime  upper stratosphm and lower mcsosphcw  ltlaximir,c  ill ]nid-]atitudes

rather than at the pole. III fact, the high-latitude downtvelling  regio]l  extends  all the way to 0.46

h]’a in the sum]ner  (southern) hmnisphcre during the two l’cbruarics  and ill January 1 ?93, whereas

ill l’a]wr 1 it cxtmldcd o]ily to about  1 hl)a.

ITI the g’ropics, a region of downwcllillg  exists ill the upper  stratos]jhem  and lower lncsospherc

cluring  norther])  and soutllm]l willtcrs,  with the dowmwarcl velocities being strollgcr  duril[g ILortherIL

will t,cr. ‘1’Iiis  regiol[  mpallds  clowll\vard  fro]ll  a level ill the ]ncsosphcre lwtwecll  J alluarty and l’cbru

ary  of both years a]id possih]y  between July and Ausust  1992, l)apcr  1 discusses tltesc vc]ocitics

ill tllc co]ltcxt  of SAO. As in Paper 1, large downward velocities (in excess of 2 111111  s- 1 ) ~)c’rsist  at

the trol~ical straiopausc  into h4amh 1993 and the SA() clot~r~lward  ve]ocitics  ill h4arch of l.)oth years

exceed tlIose in Sc])tcrnhcr 1992. ~’lIc upward velocities underlying the SAO dow JIward velocities

arc soltlcwhat  stm]igcr  than ill l’a])er  1 (e. g., ill excess of 4 Imn s- 1 at 2 hl’a ill January  1993,

colll})arcd with about  3 ]nm S–l ill l)apcr I).

‘J’O illust,ratc the tro~)ical  variability IIIOJC clearly, we show ill l’igurc 8 the equatorial tilne-h~ight

scctiolls of tcln])craturc,  ozoIlc, zollal  wind, ]Ilcthallc, ]Iitrous  oxide,  and vertical velocity. CoIIIl)ard

wit]l  t]lc results  showN i n  ]Ji?;urc  ]~ of ])apcr ] ,  WC’ Ilote all ovcra]]  Silnilarity  ill t]le SAC) signal,

including  the asymlnctry  ill tllc ]Ilaxi]nu]n  vcItical velocities (both  positive and ]Iegative)  bctwcw]l

tile ~lortllcrll  and southern wi]ltc]s. ‘1’his  asy]ll]nctry ]nay he rcs])o~lsiblc  for the asy]nlnetry  bc’twccl~

tllc two SA() ])llascs  ill the dist,ributiolls  of tracers, Wjt,ll  bot}l CII,i  a]ld h’z(j ]Icgative a]lonlalim

cwllibiting  lower values during h4ay-Ju~lc  than  during Novel~~beI’-l)ccc1[~ber  1992, although a cluall-

titativc li]lli bctwccII  the SAO in I{)* a]ld in tracers has proved difficult to establish (SoloInoII et al.
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]986,  Gille et a~. 1987). As in l’apcr  1, the SAO upwclling  duriltg the northcrrl  winter  phase in

1992 is stro]lger  t}lan  in ] 993. ‘1’llere  are also indications of a QI1O sig]lal  in the middle  and loiver

stratos])llcre,  but  this signal  is cliflt:rcnt  from its counterpart ill l)a]wr 1, with tllc westerlies aroullcl

10 hl’a being weaker in early 1992 and stToIIger at 30 hI’a ill late  1992. ‘1’he Ql10-lilie  (i.e.,  OIIC that,

follows the ])atterll  ill 10 signature ill the ozone field is ill opposite phase to that ill l’a~)m 1, witl~

low Os allolnalies bcillg ill phase wit])  ])ositive ieln])eraturc  anolnalies. ‘1’his behaviol; is contrary

to expectations (I]asebe  1994)  and gives rise to negative vertical velocities bct~vcen  10 and 30 hl’a

ill 1992.  ~’licsc Ilegative velocities are ulldcrlaill  by the large upwelliilg  (in excess  of 0.5 II IIt] s- 1,

caused by h4t. l’inatubo aerosols (see discussion ill section 5).

4.4 Momentum rcsiclud

q’he values  of the residual at ?rlid- and high latitudes arc silnilar to those in l)al]er  1, hut  cxliibit

a solnewllat  slnoot])er  structure, cc}]lsistellt  with tile slnoother  structure ill the diagnosed  ijw field.

As in l’a]wr 1, the largest values of tile residual are foullcl at high nortllerl~  latitudes ill Jalluary

] 9 9 2  (]nore t]la~l 3CI m s- ] day” ] at tllc strato])ausc). ‘J’he values of the residual ill tile u])])cr

stTatosl)l~crc  and lower mcsospllere  are slllaller  durjllg tllc Southern Ivillter  of 1992 tlian  durjll~ tile

two  llortllerll winters,  but, they i]icrcase  as the season ]Jrogresscs frortn early to late wjlltcl  and ill

Septe~nbm 1992 are larger  tha?l  their northerll  coullter])arts  (however, the situation is reversed ill

tile )Iliddlc  and lower stratosphere). 111 Jauuary  1993, the vallles of tile residua] arc silllilar to t}~ose

diagnosed by Roscnlof  (1 995) (see her l+ ’igure 7), who used a difrere?lt  radiatio]l  code with M1, S

omne aud Illlitccl  Kingdc)m hlcteom]ogical  Oflicc  tm[lperatures  as input.  1(’oI cxalllple,  ou r  va lues

aroul~d  1  Ill)a in t h e  IIorthern Ilelnis])llere  arc l)etwecll  15 al[d 20 III s- 1 d a y- 1 coln])arcd wi th

Nosenlof’s 15 II) s- ‘ clay– ]; note also tllc presence ill both studies of a rcgio]l  of positive residual

aloulld  4 Ill’a. at high Ilortherll  latitudes and the positive values ill tllc southern  IIc]nisl)llere  at the



stratopa,use  and around 46 hl’a.

5 Aerosol Heating

}’ollowillg the eruption of h4t. l’inatubo  in Ju]ic 1991, there was a Ijeriod  of significantly

cllhallccd aerosol  concentlatiolls  in t]Ic siratospherc. ‘J1]lc rac]iativc:  ]Ieatillg effects o f  ]’illatubo

acroso]s wme computed in l)aper  1 for a few sclcctccl  ISAMS p~oflles  s])anning a range-of latitudes

and til[les.  It was found, in agreemcat  with previous studies, that the l~laiIl  dlcc.t is ill the thcrlna]

infrared, wllcre the cooling rates becolne less negative (by up to 0.5 K day - 1 ) due to tl,c  al>sor~,tiol,

of tile upwelling  radiation froIn the warIn tro~)os])hcrc. III coJ)trast,  the solar IIcatillg efl’ccts  Ivcrc

IIIUCh slnaller (less than 0.1 K day’ 1 ) as a result of the very small absorptivity in the visib]c part

of tile spect,  ruin for the assumed pure sulphate  (Oln])ositioll. IIowcver,  the lnagllitudc  of aerosol

IIeatillp;  ill l)aper  1 was different from the valum ot)taiIlcd  ill other studies. IPor Cxalnp]c,  the

Illaxi]llulll  thcrlnal  llea.ting ef]’c’ct was all[l OSt twice as ]argc as that ])resented ill ‘J’able 2 of ]{il(l~e

et, al. (1 992) and in IPigure 5 of Killnisoli  et al. (1 994) for h4t. l’inat, ubo, hut  both the solar and

the ther~nal  aerosol heati]lg  rates from l)apcr  1 were significantly smaller than  the values shown in

l’igu~e 1 of Gerstell et al. (1995)  (the latter studied the period followillg the eruption of II; I Chicl16n

usilig  tile sa~ne  radiatio~l  code as used here). g’}Ie reaso]l  for these discrc]~allcics arc the  difl’crellt

vertical })rofilcs  of amoso]  cxtinctiol( assumccl  ill these studies. IIotll  Killne  et al. and (Jerstell et

al. used tlIc obscrvccl  (and coll)parablc)  colulI~lI  o])tical dc])tlIs  and distributed thcnl iIl the vertical

assu]lling a constant (}leigllt-i  Ilclc])cl](leltt)  and a Gaussian  clistrihution,  rcs])ectivcly.  III l’i.gurc  10.

we SIIC)W that for the salnc assumed total optical dcq)tll,  the sl]apc of tllc ])rofilc has a dolninallt

cfl’ect  011 tllc magIiitudc  of the l]catiIlg  (siltl])ly  because a It)orc ~)eakcd  v e r t i c a l  distlihutioll  o f

aercMol cxtillctjon gives rise to a ]norc peaked distributic]l[  c)f tile heating). ‘J’hc cfrcct  of tl~c vertical

location  of tile extinction peak is slinallcr,  tl~us clwnollstrati]lg little shielding influence of ozone
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or other  gases. ~’hescrmu]ts  dclrlollstrate  tllei[ll])ortallce  of all acculatck llo~vleclgco  ftlleaclosol

vcrtica] profiles in the ltcatillg c.alclllaticJlls  al)d the advantage  provided ill this regard  by tlleaeroml

lllca,sllrclllcllts  c.arriecl outhythc  l)AltSillstJ~llr~cllts.  Asshowllirl  l“igurc  ]], tllc]at,  tclagrccalllollg

thcvnsclves  to a mnarlcablc  clegwc  and this gives us all addi t ional  reason  to be co]lfident  ill the

II)afyitude  of the aerosol hcatillg cfltcts  we calculate.

‘1’hc global amosol  h e a t i n g  e f f e c t s  me show]l ill l’igurc 12. ‘J’his  fi.gurc clclrlonstrates  that  a

argc uncertainty in evaluatillp;  these effects is caused by the ullccrtailltim  iu the assulned  refractive

nclices  for sulphuric  acicl solutions. III tl)e current stucly,  values of tllc illlagillary  coln~)oncllt of

the refractive inclcx measured by l’almcr  a]ld Vi7illiaIns  (1 975) have bcwIl  IIc)rlnalized  to the more

a c c u r a t e  Incasuremcvlts of Rcl IIsberg ct al. (1 974). q’llc  original  l)alluer  and L\7illia1ns  values give

Inorc absoq)tion  shortwarcl of 12 //lrl,  increasing  the IIct aerosol heating  by more than 0.2 K day- “ 1,

with sigllifical~t  heating CVCII in the solar ])art of the s])cctru]tl  (at waveleligtlls longer tharl 2.7 ~~~n).

‘I)lle time  series c)f the aclosc)l-illcll  lcccl  heati~lg  and u])wdlilig  at the equator is show]l i~i ]’igurc

13. ‘1’llc aerosol ef~ects cliltlillisll  wit]] ti~lle  due’ to particle scclilllcl{tatioll  slid latitucli]lal s~)rcwding,,

hut rclnaill significant  iltto 1993. ‘1’hc c~lllallccd  aerosol hcatillg at 100 }11’a is caused by tllc prescJlcP

of tropos})l~c]ic  clouds, wllicll  am IIOt disti]lguislld  from the sul]jllate aerosol ill (; J,A1;S Vcrsio]l  7

daia.

IFillally,  in l’igure 14 we ])rescvtt  tllc sc:lsollally-alcragccl  vertical

usccl  to clcrive  tlke values  for the cxtratro])ical  lnass fluxes  sllo~v]l  ill

Ycsults  prcscI]lt,cxl  ill l’a])er 1 (1’igurc  5 and ~’aMc 3,  mpectively),  the extratro])ical  dowliwcllill:,

is )t~uc}l  strollgclr  at all scasolls  in l)otll  hcnlispllcres; Ilotc in particular the la]gc (~noJc t,}lan 0.7

,[),n s- 1 ) downward vclc,c.itim  duri]ig  soutlicr,,  winter  (in fact, Illaxi,]]ur[l  velocities durin$;  southcr,,

willtcr exceccl those during  IIortherll willtcr).  A ])cc. uliarit.y  of l)a])cr  1 were the small mass fIUXCS

colnputcd  in tl~c summer  hclllisphmej in line with the rcsult,s  obtained  by l{osenlof  (] 995) (SCC tile
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numbcm  for the 70-h}’a level  in her ~’able 1; wc assume that the values at 100 hl’a would IN roughly

30% larger). These fluxes arc much larger now, e.g., the southml  helnisphere  flux cluring lkccmbm-

Ja~\uary-1’cl~ruary  has inc.reascxl  froln 14 to 37-46 x 108 kg S-*. ‘J’he differences arc rclaiecl  to the

difl’crmccs in the CI,AI{;S  and Nh4C te]npcra.ture  fields, as the diagnosed circulation is very sensitive

to mm mall temperature diffcrellces  (see l’igure 3 above). ‘1’he  inclusion of aerosols has a smaller

cifect on the mass fluxes. Somewhat surprisingly, the mass fluxes for tllc northcrl~  wil~tcr  are o]lly

slightly larger  than for the southern  winter,  colltlary  to tile results obtaillcd  ill earlier studies  (Yaug

and  ‘J’ung 1996 and rcfcrenccs  therei:l),  which indicated a. Inuch greater contrast  (allnost  a factor of

2) I)etwcw]l  the two helnispllcrcs. A robust feature of this study,  colisistcnt  with the results  c)btailled

by Roscnlof  (19%5), is the latitudinal cxknt of tllc “extratropics, >’ with the region of l~cgatil,c  “to=

extending to lower latitudes in the willtcr compared with the sumlncr  hclnisp}lcrc  and during  the

soutllml  summer co]nparccl  with the ]Iortllcrll  sulnlncr.

6 S u m m a r y

‘1’he gross features in the fields of diabatic  heating and of the associated residual  c.irculatiol~

diagIloscd froln CI, AII;S Incasurc]nc]lts  arc re]narkab]y  si]ililar  to  the fields  diag]losd  usi]lg  MIJS

data as inl)ut.  III particular, both sets of calculations dclno]istrate  the semiannual oscillation (SAO)

ill the tro})ical upper  stratosphere aIld lower II Icsos])l  Iere, with vwtical  velocities duri]lg;  the north  cr]]

winter ])hasc  being strollgcr  thaN tllc velocities during  tile soutllcrn  w’illtcr  period. Strc)]lger SAO

velocities arc diagnosed for tl~c northcr]l  winter of 1992 than  for tllc I~orthcrlI willtc:r  of 1993. ‘J’lle

SAO velocities in tllc upper stratospllm!  arc solnewhat  strollgcr  ill tlic Cl, AlN5-clerived fields, as

a. result of larger cliaglloscxl  heating raics  (caused by biases ill tllc C, I, AII; S ozone and tcln])maturc

lllc:asllrclllellts). ‘J’he Cl, A1tS-clcrivcxl  fields arc smoother above the stratopause,  mainly because

the MI,S temperature gradie~lts  above 1 hl’a arc too stce~). Apart froln that region, the two fields
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agree cwfxl qualititatively  at pmssurcs  less than  10 Ill)a.

l,arge  disagrwmcnts  betwecm  the CIAIIX-  and Ml, S-dcrivccl  circulat ions occur ill the lov;cr

stratosphere.  ‘J’he ]ni]]ilnuln in the vertical  velocity at 46 h})a in the ‘J’ropics  diagnosd  fro]n MIS

data is IIot pImcIIt  in the Cl, Al{ X-lined  fields;  illstcad there is tropical downwclling bctwecll 10

and 3(I h])a ill early 1992. ~’his dow]lwclling  is caused by low values of ozone Ineasurcxl  l)y CI,AI:S.

‘1’hc  c.irculatio]l in ille lower stratos])hcm  is quite sensitive to tllc a s sumed  tcli)pc>rature  f ields,

wit]] tm]wraturc  differences 01) the order of 1 K causing diflcrellccs of about 0.1 K day - 1 ill the

clia.gaoml  heating rates. As a result  of small diflkrcllces  in temperature between CI,AII;S  and NMC,

the cxtratropical  lnass fluxes are ]tnuch  larger  ill the CI,A}lX circulatio]l.

q’hc most im])orta]li,  improvcrncnt  ill the circulation diagnosed from (:l,AI;S  data is t}ic inc]usioll

of tile cflicts  of Mt. l’illatubo  aerosols. ‘lJllc aerosol heating is very sc]lsitive  to tlic assulned  vertical

~Jrofilc  of aerosol extillc.tioll  and tllc global acroso] Illeasurelncllts  by tllc l~Al{,9ilLstrLlltlc11ts  lead to

lt]orc realistic cstilnates  of this ILeating.  }Iom’ever, tllc ullc~rtaillties  ill tlIc assulncd mfractivc  indices

for 112 S04-1120 solutions continue  to be a major source of ullcmtainty  ill these cstilnates.  CI,AIX

lncasurelnc]lts  inclica.te  t}lat aerosol ll?atillg was significant as late as early 1993. l’rclill}inary results

from the (;altcc]L/J])],  ttvo-c]illlcl~siol~a]  Inodcl suggmt that t]le inc]usio]l  of the aerosol colltrihution

tc) IIet hcat,illg  im])roves  sil[lula(iolls  o f  to ta l  Ozone  (Yuk YulIg, ])(’l”SOILa]  cc)l[llrllll\icatic)ll  1 996),

although  a co]nplcte]y satisfactory silllulatio~l  of total ozone bascxl  0]1 lJARS data is ]Iot ~)ossih]e,

givcvi  tllc sc]Lsitivity  of tile colullllL  Ozollc to tlic circulatio]l i~l t h e  1 0 0 - 3 0 0  111’a rq;ion  al~d t h e

rcstrictiorl  of {JARS data to ]}ressures less tllall  100 hl’a.

Clearly, the cstimatcx  of tllc residual circulatio]l  arc still fraught with large unccrtai]lties,  but

with the advel}t of 11A 1/S lneasurcl~lcllts  tllesc  u]lccrtailltics  arc bcillg reduced. l’uture  work ill t}lis

area usi]lg  iln])roved  versions of tJAILS rc:tricval  algorithxns  is plall~lecl.
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‘J’able 1

Avcragillg l)criods for Radiative IIcati]lg  and Residual Circulation Ca]culaticJ1ls.

Yaw

4

~

G

7

8

9

I(I

11

12

13

14

15

16

17

1 ,abcl
.——

Jail 92

l“cb 92

Mar 92

A-M 92

M-J 92

Jul 92

Aug 92

SC])  92

0-N 92

N-1) W

Jail 93

I“Cl) 93

h4ar 93

A-M 93

-.

Avmiging  l)criods (South- & Nortll-vicwi]lg)

January 15-22 & JaIluary  6-13, 1992

]’cbruary  &13 & l’ebruary  15-22, 1992

Marc],  24-31 & h4arcll  15-22, 1992

A])ril 23-3(I & h4ay 2-9, 1992

June 15-22 & h4ay 24-31, 1992

July 5-1? & July 18-25, ]992

Au~ust  11-21  &?. August  5-12, 1992

Sc])tc]nbm  ] 3-20 & $kJ)tCltlhC1’ 22-29, ] 992

October 30- NoveInlwr  6 & October 21-28, 1992

NoveI])~)er 21-28 & Novcmkr  3 0 -  IJcccl[lbcr  6, 1992

Ja~luary  10-]7 & January 1-8, 1993

IIkbruary 1-8 & l’cbruary  10-17, 1993

h4arc}l  20-27 & htiarch  11-18, 1993

A~Jril  21-25 &z April 27- May 4, 1993
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Table  2

]’;xtratmpical  IIowllward  Mass l’]ux at 100 111’a (in ~ 0$ kg s-l)

Winter

No Ac] }’-W/l{ l)-W l,at

Nll 95 105 I 09 30

s]] 85 96 101 25

Slllllmcr
—.

No Acr ])-~\~/l{ ]’-\l~ l,at
—.

16 25 28 40

37 44 46 4,5
—

N o t e :  ‘J’IIc avmaging  ]Jcriods arc l)JII’  and J J A  a s  a])l)ro~)riatc  f o r  tllc scaso~l  and  l~cl[~is~)herc

ill(]jcatc{].  ‘J’}lcI  cxl,latropics  are dcfi]]cxl  as tile rcgioll ])oleward  of the lowest  latitude at wllicll  t]lc

vclrtica]  Vc]ocity is downward (see ]“ig[lrC  ]4). ‘] ’]~is ]atjtuclcis  given ill t]lc~ “], at” co]llIrll~. ‘( NTo Acr”

is the mtilnatc  without aerosols, whereas “l)-W/}{” and “l)-MT ‘) refer to the csti]llates  Wit]l aer~so]s,

assulning  the l~orlnalizcd ancl the original l’almcr  allcl M’illia]ns  refractive indices for sul])lluric  acid,

rcs])cctivcly.
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captions

l’igure 1. IIcatillg  rates  for January 1992 allcl July 1992 (Yaws # 4 and 9 in ‘J’alJlc  1 ) diagnosed

f r o m  CI,AIIX and MIS data. ‘J’lleaclosolsa  lcllotil  lcl[lclccl.

1+ ’igure2.  (a) Osl~lixil~g  ratio  llleas~llcd  by CI,AIIX (solid line) and M1,S (dotted line). ‘I’he values

arc .givcm along the top  axis. 'l`hcclaslled lil~cis  tl~eclifrcrel~cc  l~ctwec]l tile Cl,Al;S  a]id MIS

tem})crat,ures, with values given along the bottom axis. (b)-(c) IleatiIlg  rates derived froln:

CI,AIIX without aerosols (solid lines), CI,AIIX with amosols (dashecl  lit~cs),  hfll,S  ~vithout

acroso]s (dotted  lines), and MI,S wit?l ISAhlS  aerosols (dash-dotted lines). All ])rofiles  are

zolla]  averages at the equator for the January ]992 ])crioc] (>’aw # 4 in ~’a}>le  1).

]“jgun’q. ~'}lC(];ffCrellCQS  jllt~lC  OZOll(!  llljX; JlgratjO aJ!CltClll])CratU rC1lleaSUred  ~)~t]le [;], A]'; Sa1lCl

MI,S i n s t r u m e n t s  allcl  in the d e r i v e d  s o l a r  limiting and 11/ cooli~ig rates. “1’he  distribuiiolls

arc for (a) January 199’2 and (b) July 1992. ‘J’}Ic aerosols arc ~lot included.

l“igurc  4. l,atitudc-height  sections of Llle zollal wind il.

l’igurc 5. l,atitl]cle-llcigllt s e c t i o n s  o f  tllc nlass-wcip,htccl  streal]lfullctioll  X* (ill units  c)f 109 kg

s -1 ). ‘J’he contour interval is 0.2 and 1.0 for absolute values lower and greater tliall 2 . 0 ,

rcspcctive]y. ‘1’hc zwo-lil)c  is thicker and sllaclillg  denotes areas of cc)ullte]clc)ckkvise  flow.

l’igurc 6. l,atitllcle-ll~:  iglit sections of tlic rrleridim[al  corn]  Joncnt  of tile residual circulation Z“

]“igure 7. IJatituclc-height  sections of the vmtical componelit  of tile residual c.irculatio]l  ti~x.

]’igure 8. Xonally-averaged equatorial ti?nc-hcig]lt  scctiolls  of (a) telnperature,  (b) ozone, (c) zo~lal

willcl,  (cj) rncthanc,  (c) riitrous oxide,  a]tcl (O ?-O-. III ]Jancls ( a ) ,  (L), (d), aJlrl  (c) tile ti]ne

mean has bmn take]) out. Vertical Iillcs  indicate year boundaries.
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l’igure 9. IJatitude-height sections of the molrlclltu]n r e s i d u a l

l’igure  lo. ‘1’hc cflcct oft,lle  vmtical  extinction profile on aerosol heating. All profiles llavc the

same  CO] UIIIII o~)tical  depth  of ().25 aIId t]le background atmosl)llcrc  is tl(c same as ill ]“iguw 1

of Gcrst, e]l et al. (1995). IIlue line: I,](C Gaussian profile used by Gerste]l et al. ill t]leil I’igurc

1. ~;rc:erl  li~le: the same profile shifted 2 k]n to lower alt,itudm. Yellow’ lillc:  a Gaussian ])rofile

with a larger half-width. lied  line: cxtillctioll profile constant  with height (as in J<inne  et al,

1992).

l’igurc 11. l(bitillctioll  profiles and excess aerosol ]Ieating derived frolll co-located CI,AII;S aIld

lSAMS ll~cas~lle~~lclllts.

l“igurc 12. ‘1’hc  dl’ect  of the assumed refractive indices  for 112 S0.1-1120  solutions ON tile computed

aerosol heating rates. ‘1’he clistributions  sliowli  arc the diflerellces  between the case kvith  and

without aerosols for the atlnosphere  characterized by tlie CI,AII;S ]neasurelncnts  during the

Jal\uary 1992 pe~iod (Yaw # 4 ill ‘l’able  1).

I’ip;urc  13. l{acliative  ef~ccts of Mt. l’illatubo  aerosols at tile equate]

1( ’i.gure  14. Residual vertical velocity at 100 hl’a. Solid line:  Se])te]llt~el-Octc)t)er-Nc)\cl~ll]er  (tllc

average  for the yaws # 11, 12, 1 3), dashed lillc: 1 )eccllltjcr-Jal l{laly-l’c!t,ruz  ~ry (yaws # 4, 5, 14 )

dotted line:  Marcll-A])ril-L4ay  (yaw’s # 6, 7, 16, 17), daslled-dotted litlc:  J[llle-Jllly-Allg~lst

(yaws # 8,9, 10). Sec ‘l’able 1 for a list of yaws al,d their  avcragi],g prriods.
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